This study presents the results of the design and characterization of a gas sensor with PMMA/CNTs chemiresistor as sensing element for detection of organic vapors. Multi wall carbon nanotubes (MWCNTs) produced at our lab (by method of pyrolysis, outer diameter d = 10 ÷ 40 nm, purity ≈ 94%) were incorporated into biocompatible polymer matrix. Poly(methyl methacrylate) -PMMA -and nanocomposite films were obtained using casting solution technique. Produced nanocomposite films were investigated with thermogravimetric analysis, differential scanning calorimetry, X-ray analysis, scanning electron microscopy, and Fourier transform infrared, while the sensors activity was determined by the changes in electrical resistance of the nanocomposite films due to acetone and chloroform exposure. The response to these vapors was evaluated and it was shown that PMMA/MWCNTs composites exhibit changes in electroresistivity. Sensitivity was calculated to be in 0.58-54.6 range (30 min exposed to acetone) and 0.53-10.35 (30 min exposed to chloroform). The results presented in this paper show that CNTs are able to improve the overall performances of polymer based sensors.
Introduction
Gas sensors are devices which when exposed to certain gaseous species, are able to alter one or more of their physical properties. They have numerous applications, ranging from biomedicine to automobile industry. Recently, gas sensors attract tremendous interest due to increasing demand of sensitive, selective, fast response, stable, low cost sensors for environmental monitoring. Last decade, different techniques and various sensing materials have been developed, each improving the limitations of the previous. Typically, most of these sensing elements operate at elevated temperatures, which cause high power consumptions not appropriate for wireless application. However, since the discovery of carbon nanotubes (CNTs) in 1991, CNTs have been the focus of intensive research due to their superior characteristics such as chemical, thermal, and mechanical stability, semiconductive properties and functionalization capability [1] [2] [3] . These properties make them favorable candidates for active building elements in gas sensors [4] [5] [6] , exploiting their sensing nature even at room temperatures [7, 8] . The potential of CNTs as sensing element is based not only on these extraordinary properties, but also on their hollow structure and high surface-to-volume ratio (A/V) [9] [10] [11] . The high A/V ratio leads to an increase of the surface area of the reinforcing element, thus resulting in an increase of the area where stress transfer between the nanotube and polymer matrix oc- * corresponding author; e-mail: anita.grozdanov@yahoo.com curs (increased absorptive capacity). Interaction with gas molecules affects the electrical properties of CNTs at room temperature, and they also display high response and good reversibility [12] . The overall performance of a CNT-polymer gas sensor depends strongly on the CNTs dispersion in the polymer matrix, which on the other hand is dependent on the CNTs/polymer interactions [13] [14] [15] . Until now, many papers on chemical modification and obtaining stable CNTs dispersion have been published, which suggest generation of different functional groups (hydroxyl, carboxyl, carbonyl, amine, etc.) to CNTs [16] [17] [18] [19] [20] [21] [22] [23] [24] or employment of various anionic, cationic, and nonionic surfactants [25] [26] [27] [28] [29] .
Ever since the synthesis of the first CNTs-based sensor for NH 3 and NO 2 [30] , many research papers have been published summarizing their potential and development throughout the years. Quite a few of these authors call upon percolation theory in explaining the electrical changes of insulating polymer matrix in which CNTs are dispersed [31] [32] [33] [34] . Incorporation of CNTs in a polymer matrix is found to reduce the percolation threshold to a very low filler volume, and amorphous poly(methyl methacrylate) PMMA has been proven an easy to process polymer which fulfills this prerequisite (avoiding potential complications related to the crystallization) [35, 36] .
In this work, poly(methyl methacrylate)/MWCNTs nanocomposite films were prepared and studied in order to develop a nano gas sensor for the detection of organic vapors. MWCNTs were preferred in this application versus a single walled carbon nanotubes (SWCNTs) because of their length, stiffness and bigger resistance than SWCNTs, as well as to reduce the cost for real application. The performance of the sensors was evaluated by study- (1251) ing the changes of their electrical resistivity in presence of acetone and chloroform.
Experimental
As a filler in the composites, MWCNTs produced at our lab (by method of pyrolysis), were used (outer diameter d = 10 ÷ 40 nm, purity ≈ 94%) [37] . The PMMA/MWCNTs nanocomposite films were prepared by casting solution technique, with dichloromethane as solvent. Desired weight of MWCNTs was added to 100 ml of chloroform in a flask and the suspension was ultra sonicated for 30 min. Then, a solution of 20% by weight of the PMMA-polymer matrix in the same solvent was prepared. After the polymer was dissolved, two mixtures were blended and stirred at room temperature for 30 min. The final solution was then poured into the Petri dish and the solvent was evaporated at room temperature.
Nanocomposite films containing 0.2, 0.5, and 1.0 wt% MWCNTs were prepared. The desired quantity of MWCNT was determined vs. the quantity of PMMA in the solution (20% PMMA). A neat PMMA film was also prepared and used as a reference.
The structural properties of the obtained polymer/MWCNTs nano composite films were studied by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), the Fourier-transform infrared (FTIR), X-ray analysis (WAX), and scanning electron microscopy (SEM).
DSC measurements were performed with DSC system (Mettler Star) under N 2 atmosphere in the nonisothermal regime (heating rate =10 K/min, cooling rate = 10 K/min). 8-9 mg of material was used for each specimen. TGA was performed in the range of 50 to 800
• C with heating rate of 20 K/min (in N 2 ) using a Perkin Elmer Pyris DIAMOND TGA/DTA system. FTIR spectroscopy was used to characterize the structure of the PMMA/MWCNTs nanocomposites. FTIR spectra were recorded with Perkin Elmer Paragon 500 analyzer, using 64 scans and a resolution of 2 cm −1 . SEM microphotographs were recorded with FEI Quanta 200 scanning electron microscope using an acceleration voltage of 30 kV and a secondary electron detector X-ray diffraction (WAX) spectra of PMMA and PMMA/MWCNTs nanocomposite films were recorded using PAN-analytical X'Pert Pro diffractometer using Cu K α radiation between 2 and 40
• 2θ. The changes in the nanocomposite resistance were followed after exposure of PMMA/MWCNTs nanocomposite films to different gases (chloroform and acetone). Electro resistance was followed by KEITHLEY 8009 instrument, with 200 applied voltage during 30 s, in the range -200/+200 V.
Results and discussion
The obtained TGA curves are shown in Fig. 1 . TGA analysis has shown that MWCNTs improved the thermal stability of nanocomposites based on PMMA. T d was raised by five degrees (at 339
• C, sample PMMA/1.0% MWCNTs), as shown in Table I . The other characteristic thermal parameters such as the onset temperature (T o ) and the glass transition temperature (T g ) were determined from DSC curves and the results are shown in Table I . The obtained DSC curves are shown in Fig. 2 . It was found that as the MWCNTs content increased, both transition temperatures (T 0 and T g ) were shifted to lower temperatures which indicate changes in the elastic behavior. The PMMA/MWCNTs nanocomposites have lower T g than pure PMMA.
Characteristic X-ray diffraction patterns for PMMA and PMMA/1.0% MWCNTs nanocomposite are presented in Fig. 3 . According to the literature, it is clearly observed that powder CNTs exhibit diffraction peaks at 2θ = 26.6
• , 43.45
• , and 54.7
• which correspond to (002), (101), and (004) phases, while broad bands diffraction peaks at 2θ = 17
• and 32 correspond to PMMA [36] . In Fig. 3 , it can be observed that PMMA curve (series 2), has shown broad diffraction peak at 2θ = 14
• and sharp peak at 2θ = 29
• which implies amorphous nature of PMMA [36] . In the case of PMMA, sharp peak which was registered at 2θ = 29
• has been shifted to 2θ = 39
• in the diffraction pattern of nanocomposite film due to the MWCNTs/polymer interactions. Decreased intensity of this peak in the WAX-curve of the nanocomposite film (series 1) suggests existence of compatible nanocomposite system, with compatible mixing of polymer and MWCNTs. Also, for nanocomposite films some shiftings of diffraction peaks towards lower values were registered which indicates changes in interlayer distance. This behavior indicated also that there was no covalent interactions between CNTs and PMMA [36] . In addition, this was proved for a homogeneous dispersion of CNTs in PMMA matrix. The obtained results are in agreement with the literature [36, 38] . To evaluate degree of MWCNTs dispersion within the polymer matrix, nanocomposites films have been observed by SEM. Characteristic morphology of PMMA based nanocomposites is shown in Fig. 4 . SEM images clearly show that homogeneous dispersions of MWCNTs (well-dispersed bright dots) throughout PMMA are achieved at all CNTs contents, although at higher content of 1% MWCNTs smaller aggregates are also observed.
FTIR spectroscopy was used extensively in the structural determination of molecules. FTIR spectra of PMMA and PMMA/MWCNTs nanocomposites are shown in Fig. 5 . When comparing the FTIR spectra of PMMA and PMMA/MWCNTs composites, small peak shifts and only one significant change can be seen. Namely, the C-O stretching bands observed at 1583 cm −1 and 1611 cm −1 in PMMA, remarkably decreased in PMMA/MWCNTs nanocomposites which indicates changes related to MWCNTs content in the polymer structure. Decrease of these peaks in the 1560-1600 cm −1 range indicates the changes in the CNTs structure upon carboxylation [39, 40] . At the same time, the decrease of these peaks indicates presence of asymmetrical hexagonal carbon [41] . The response and changes in PMMA/MWCNTs nanocomposite electroresistivity due to gas exposure are presented in Table III , while the characteristic curves are shown in Fig. 6 . R o is the initial electro resistivity, while R is the value of electroresistivity after 30 min exposure to acetone and chloroform. Data showed that each agent impacts composites' electroresistivity and as such, is a good parameter for detecting and identifying gas presence. The obtained data presented in Table III show that integration of CNTs in PMMA resulted in formation of PMMA/CNTs nanocomposites with lower electroresistivity (i.e. higher conductivity) compared to that of pure PMMA matrix. Sensitivity of these PMMA/MWCNTs nanocomposites was calculated according to Eq. (1) [42] :
where R o is electroresistivity of the composite before the exposure to acetone and chloroform, while R is the maximal electroresistivity achieved after the exposure. When varying the content of CNTs, S has been calculated to be in 0.58-54.6 range (30 min exposed to acetone) and 0.53-10.35 (30 min exposed to chloroform). Based on these obtained values, it can be concluded that nanocomposites with incorporated MWCNTs showed more significant changes. Namely, it was found that electroresistivity decreases (in cases of both agents, acetone and chloroform), i.e. conductivity increases. These data indicate that by increasing the MWCNTs concentration in PMMA-based nanocomposites from 0.5 to 1.0% MWCNTs, remarkable increase of electroresistivity after exposure to both agents was registered.
Measurements after 30 min exposure to acetone and chloroform (Table III) show that PMMA/MWCNTs nanocomposites exposed to acetone exhibit more significant changes in electroresistivity than those exposed to chloroform, i.e. they display higher sensitivity to acetone. The obtained data have shown that when exposed to acetone, the studied PMMA/MWCNTs nanocomposites are good sensors for -CO detection. The obtained results are in agreement with experiments carried out by Abraham et al. on PMMA/MWCNTs nanocomposites [38] .
According to Abraham et al., the electrical response of the PMMA/MWCNTs nanocomposite based gas sensors to organic solvents can be explained by the following mechanism [38] . Namely, inside CNTs/polymer composites conducting paths were formed due to quantum mechanical tunneling effects, where the short distance between the conducting sticks enables electron hopping. Absorption of organic vapors results in swelling of the polymer matrix and increases distance between adjacent MWCNTs. This affects contact resistance and shifts it to higher values. The level of swelling and resulting electrical response depend on solubility of polymer in solvents. Additionally, the weak polymer-CNTs filler interactions and absence of crystallinity are both very crucial parameters which assist the achievement of high conductivity levels, since a closer approach of the conductive fillers in the developed network is allowed.
Conclusions
TGA/DTA analysis of PMMA/MWCNTs nanocomposites registered higher temperatures of degradation (T d ). This confirmed that synthesized nanocompos-ites have better thermal stability. DSC thermograms showed that glass transition temperature (T g ) was shifted to lower temperature as a result of increased MWCNTs content. This confirmed that changes in elastic behavior has been achieved. FTIR spectra of pure PMMA and PMMA/MWCNTs nanocomposites registered significant change (decrease) of C-O stretching band, which results from carbon oxidation. SEM showed that homogeneous dispersion of MWCNTs throughout PMMA was achieved, at all MWCNTs content. In sample PMMA/1.0%MWCNTs smaller aggregates were observed. Response of PMMA/MWCNTs composites to vapors was measured after they were exposed 30 min to acetone and chloroform. It was found that electroresistivity decreases (in cases of both agents, acetone and chloroform), i.e. conductivity increases.
